ABSTRACT: Thermal analysis combined with composition analysis has been used in this work to identify evolved gas when burning household waste. Thermogravimetry ͑TG͒ coupled with Fourier transform infrared ͑FITR͒ spectroscopy and mass spectrometry ͑TG-FTIR-MS͒ offers structural identification of compounds evolved during thermal processes. Carbon, hydrogen, and nitrogen elemental analysis and XRD offers raw materials information. All these combined can help to evaluate the chemical pathway for the degradation reactions by determining the decomposition products. For comparison purposes, emitted species concentrations are measured with multiple-sensors when burning household waste in a lab-scale fluidized bed combustor. There is excellent agreement between the two different approaches. The measured results also provided some insight into burning household waste as an energy source in large-scale incinerators.
Introduction
Treatment of household waste is attracting a great deal of interest because of the increasing amount of household waste each year. Appropriate treatment of household waste can reduce the environmental pollution problem. In addition, waste-to-energy conversion could help to lower increasing energy costs. Many treatments have been used to deal with household waste, including landfilling and incineration ͓1͔. Meanwhile, new techniques and methods are continuously being developed for waste treatment ͓2͔. Among all the available techniques, incineration of household waste is a good solution because some energy could be recovered from the waste. Burning municipal solid waste ͑MSW͒ can generate energy while reducing the amount of waste by up to 90 % in volume and 75 % in weight ͓3͔. The incineration process can generate steam, heat sources, and even electricity. However, it can also create pollutants or other hazardous material. The objective of this work is to investigate evolved species from general household waste using thermal analysis techniques. The result should help to further understand the mechanisms of the incineration process. Furthermore, it could help decision-makers select the proper approach for dealing with household waste according to regulations. More specifically, the emissions of hydrogen chloride ͑HCl͒, hydrogen sulfide ͑H 2 S͒, and oxidized sulfur ͑SO 2 ͒ are the main concerns of this work.
Evolved gas analysis has been used extensively to identify qualitatively or quantitatively, or both, volatile products formed during the thermal degradation of materials. This technique involves the analysis of gaseous species evolved during combustion and pyrolysis in which a series of chemical reactions occur as a function of temperature and are analyzed using thermal analytical methods. Evolved gas analysis is normally used to evaluate the chemical pathway of degradation reactions by determining the composition of the decomposed products from various materials.
Simultaneous analysis of evolved gas with multiple instruments is a preferred method of detection for low concentrations of gas species. This method examines materials at the same time and could provide real-time results. One example of this analytical method is the combination of thermogravimetric, Fourier transform infrared spectroscopy, and mass spectroscopy analysis ͑TG/FTIR/MS͒, which is the primary method used for this work. Other combined analysis techniques that employ more than one sample for each instrument are used for household waste analysis, such as XRD for composition analysis.
Experiment

Samples
Household waste is a highly heterogeneous mixture. The samples used in this work consist of combustibles waste ͑papers, newsprint, wood wastes, food waste͒ and noncombustible waste ͑plastic bags, coke-cans, glass, and other metals͒. All samples are predried and chopped into small pieces ͑less than 500 m͒ and blended very well before analysis.
TG-FTIR-MS
A schematic of the unique coupled setup of TG-FTIR-MS is shown in Fig. 1 . It consists of TA 2960 SDT, 2 Fisons/VG Thermolab Mass Spectrometer, 3 and PerkinElmer Spectrum ONE FTIR. The TA 2960 SDT is interfaced with a Fisons/VG Thermolab Mass Spectrometer by means of a heated capillary transfer line with 5 % of the evolved gas flowing into the MS system and the rest of the evolved gas flowing into the PerkinElmer FTIR 4 system. Experimental conditions are listed in Table 1 . In order to simulate the natural conditions of the incinerator, two consecutive stages are studied. The first stage is a pyrolysis process. The sample is purged 20 min at the beginning and then it is heated from room temperature to 666°C at a rate of 10°C / min. The experiments take place in a nitrogen atmosphere with a flow rate of 100 mL/ min. Then air is introduced and the second stage, the combustion process, begins. The rest of the sample is heated to 1270°C at a rate of 10°C / min. The capillary transfer line is heated to 120°C, and the inlet port on the mass spectrometer is heated to 150°C. The Fisons unit is based on a quadrupole design with a 1 -300 amu mass range. The sample gas from the TGA is ionized at 70 eV. The system is operated at a pressure of 1 ϫ 10 −6 torr. Most of the evolved gas ͑95 %͒ flows into the FTIR gas cell. The purged gas flows at a rate of 100 mL/ min and carries the evolved gases to a 70-mL sample cell with KBr windows via a silicone transfer line. The sample cell is wrapped with heat tape heated to 200°C to prevent the evolved gases from condensing. The sample cell is placed in the beam path of a PerkinElmer Spectrum ONE FTIR. The IR detection range is 4500 cm −1 to 500 cm −1 . 
Results and Discussions
Thermogravimetric Data Analysis
Thermogravimetric analysis can provide information on kinetics and on reactivity of waste material ͓4͔. It is expected that the thermal conversion in the incineration process goes through two different stages: the pyrolysis of volatile material at a low temperature range and the combustion of nonvolatile material at a high temperature range. The weight loss and main kinetics are shown in Table 2 and Fig. 2 . The majority ͑60.7 %͒ of the sample is volatile material and evolved gases come out during the pyrolysis stage ͑25 to 666°C͒. Also, it is found that there are two main peaks that indicate reactions in this stage, occurring at 337°C and 420°C, respectively ͑see Fig. 2͒ . The possible evolved gases for the first peak ͑337°C͒ include H 2 O, CH 4 , SO 2 , HCl, and H 2 S ͑see FTIR plot in Fig. 7 .͒. There is a 25 % weight loss after the first main peak. Most of these species come from pyrolysis of wastes, such as plastics. The second peak at 420°C shows that more volatile gases are released and another 35.5 % weight loss occurs after this peak. The possible evolved gases for this are H 2 O, CH 4 , C 2 H 4 , SO 2 , HCl, and H 2 S. At the end of pyrolysis, air is introduced into the furnace instead of nitrogen. Combustion occurs and a third peak is located at 766°C. Nonvolatile materials are burnt at this high temperature and a 13.0 % weight loss accompanied this process. The primary emitted gas is carbon dioxide ͑CO 2 ͒, a combustion product, as verified in Fig. 6 and Fig. 9 .
FTIR Data
Fourier transform infrared spectroscopy ͑FTIR͒ can provide some identification information for the complicated pyrolysis process when combined with other techniques ͓5͔. Regulations for species emission from incineration set the limits. So evolved gases ͑such as HCl, Cl 2 , H 2 S, SO 2 ͒ and their emitted level are the main concerns for this work. The individual species spectra are shown in Figs 3-6. The FTIR spectra of emitted HCl at wave numbers of 2930 cm −1 , 2858 cm −1 , and 3022 cm −1 are shown in Fig. 3 . HCl gas initially emits at around 250°C and comes to peak emission at around 450°C. The FTIR spectra of emitted SO 2 ͑1375 cm −1 and 1344 cm −1 ͒ are shown in Fig. 4 . Much like HCl, SO 2 ͑Fig. 5͒ initially emits at around 220°C and has a peak emission at around 400°C. H 2 S ͑1180 cm −1 , 1283 cm −1 , and 2173 cm −1 ͒ seems to initially emit slightly later at around 300°C, and it reaches its peak emission at 400°C. The In addition, FTIR spectra at fixed temperature scans are shown in Figs. 7-9. Figure 7 shows the emitted species spectra at 330°C during the pyrolysis stage. The typical emitted gases of this stage are HCl, H 2 S, H 2 O, and CO 2 as mentioned earlier. Figure 8 shows the emitted species spectra at 450°C during the pyrolysis stage with the emitted gases being C 2 H 4 , HCl, H 2 S, H 2 O, and CO 2 . The spectra of emitted gases at 730°C ͑combustion stage͒ are shown in Fig. 9 . CO 2 is the primary species emission during this stage.
MS Data
Mass spectroscopy ͑MS͒ also provides additional important identification information which the FTIR may not provide. For example, infrared spectroscopy is not available for some diatomic molecules that do not have a permanent dipole moment. Some important mass spectra during the pyrolysis/combustion process are shown in Fig. 10 . However, MS measures only mass-to-charge ratios and has limits when determining isomers. The mass-to-charge ratios of ͑m/e=16,17,18͒ are listed in the same plot ͑Fig.
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10͑a͒͒. It indicates possible emissions of CH 4 , O, or NH 3 . The final identification of those species can be determined based on the combined consideration of FTIR spectroscopy and even knowledge of the sample itself. One example of this limit of MS measurement is the m/e=34 shown in Fig. 10͑b͒ . Based on mass-to-charge ratio, it may be H 2 S ͑m/e=34͒ at 800°C. But it conflicts with the FTIR finding shown in Fig. 5 which indicates that the peak of FTIR should be at around 400°C. Therefore the determination of m/e=34 needs to incorporate other techniques. CO 2 ͑m/e=44͒ mass spectroscopy, shown in Fig. 10͑c͒ , agrees very well with the FTIR spectroscopy shown in Fig. 6 . MS spectra of benzaldehyde ͑m/e=77͒ are shown in Fig. 10͑d͒ .
A data summary from both the FTIR and the MS is listed in Table 3 . The detected species, such as CH 4 , NH 3 , H 2 S, and HCl, their mass-to-charge ratio, their wavenumber, and their evolution temperature are given in this summary. 
FIG. 7-FTIR
Analysis of Raw Sample
Proximate analysis, ultimate analysis, and miscellaneous analysis for samples according to related ASTM methods are listed in Table 4 . The samples are predried; therefore moisture is relatively low. The carbon content is 48 % ͑dry based͒. The measured calorific value is around 21 200 kJ/ kg that could be recovered for further use. In addition, major compound measurements by XRF are also listed in Table 5 .
Concentration Measurement of Emitted Gas from Combustor
In order to measure the emitted gas concentration, a large amount of the sample is burnt in a lab-scale fluidized bed combustor ͑see Fig. 11͒ . This combustor is made of stainless steel pipe with a 50-mm inner diameter and a 700-mm effective length. The compressed air can be supplied into this reactor from three locations: through the top with sampling feeding, through the middle of the reactor, and through the bottom of the wind box and gas distributor. The flue gas exits from the top side to a gas analyzer by passing through a small cyclone. The IMR 5000 gas analyzer is used to analyze the flue gas composition. Twelve sensors are used simultaneously to measure species concentrations; there are sensors for O 2 , CH 4 , NH 3 , H 2 S, HCl, CO 2 , CO, SO 2 , CO 2 , Cl 2 , NO, and NO 2 . The measured results are listed in Table 6 . Based on the TG-FTIR-MS analysis of burning waste, species of interest, H 2 S, HCl, NH 3 , and CH 4 are detected during pyrolysis and combustion. These species are further detected from the lab-scale combustor. A comparison of the findings given in Table 3 and Table 6 shows excellent agreement between the TG-FTIR-MS measurement and the multiple sensor-based measurements. Moreover, the TG-FTIR-MS measurement provides species emission history as temperature changes, while sensor-based measurements only measure total species concentration. The information from the TG-FTIR-MS measurement will allow further kinetic and mechanisms study for the pyrolysis and combustion process.
Estimated Maximum (Worst Case) Emission Level
In order to determine the level of emitted gas from combustion, estimation is performed based on theoretical calculation by assuming all species in fuel ͑household waste͒ are transferred to flue gas. This assumption will predict the worst case and maximum emission level. Table 7 lists the estimated maximum emission level. The allowable emission limit is also listed for comparison purposes. From Table 7 , NO, SO 2 , and HCl emissions based on the worst-case calculation will exceed the set-limit, but mercury emission even in the worst-case calculation is lower than the limit. The worst-case is seldom the actual finding because it is impossible that all species will be transferred into the flue gas. Fly ash and residue can hold some of them. 17, and 18; b: m/e=34; c: m/e=44; d: m/e=77 . 
Conclusions
Evolved gas analysis with the TG-FTIR-MS and related element/compound analysis are conducted for the pyrolysis and combustion process of typical household waste. There is about a 60 % weight loss and a large amount of evolved gas emission during pyrolysis. These gases include HCl, H 2 S, NH 3 , and SO 2 . The absolute concentrations for these evolved gases are not determined from the TG-FTIR-MS measurement, but the relative level can be estimated from the elemental analysis of the raw sample. The TG-FTIR-MS measurement can provide important information for further kinetics study of household waste burning during the pyrolysis/combustion process. In addition, emitted species concentrations are measured with multiple-sensors when household waste is burning in a lab-scale fluidized combustor. There is excellent agreement between the TG-FTIR-MS measure and the multiple-sensors measurement. The estimated maximum emission level is calculated based on the assumption that all species are transferred into flue gas. It is also found that there is around a 20 000 kJ/ kg calorific value for the partial energy of household waste that may be recovered if appropriate treatment is applied. 
